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Low Energy Measurement Techniques
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The Signal and Main Background
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Discrimination strategies
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SuperCDMS SNOLAB Detectors
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Ge crystal - 1.4 kg each
100mm dia X 33.3 mm thick
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Observed iZIP Phonon Pulse Shape Discrimination

Surface Electron vs Nuclear Recoil 
discrimination seen in operating iZIP 
detectors in both pulse shape 
differences and energy partition in z-
direction.

Phonon 
sensor 
layout:

25 keV electron event near top surface 25 keV nuclear recoil event  in bulk
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Electron energy loss in Si and Ge
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B. Cabrera, et al.

both timing measurements and spatial distributions through the crystal.  Fig. 3a shows the
anisotropic pattern which results from plotting the pulse height in one sensor versus the pulse
height in an adjacent sensor (each point is an event).   For comparison, the relatively
featureless pattern of signals from adjacent sensors on the same side of the crystal as the
source is shown in Fig. 3b.  There is no doubt that a large ballistic fraction is present.
However, the role of the crystal surface and of the Ti film near the event is not clear.  It is thus
important to study events that occur deep in the crystal away from surfaces.  In addition, our
interest is in much smaller depositions of energy.

To study such events, we have instrumented a 0.3 mm thick crystal such that events
from 60 keV x-rays can be observed in coincidence from both sides of the crystal. 4  These are
absorbed nearly uniformly throughout the interior of the crystal and most interactions produce
a photo-electron which carries the entire 60 keV as kinetic energy.  Fig. 4 summarizes the
electron stopping process in Si.  At higher energies, the stopping power is dominated by
electron-electron interactions and is treated with Bethe-Bloch theory above 10 keV, 5 with
complex dielectric function theory between 10 eV and 10 keV, 6 and by considering the gap
induced threshold above ~ 1 eV. 7  Below this energy, the remaining kinetic energy is lost to
phonons, with optical phonons dominating down to a threshold of ~ 60 meV and then acoustic
phonons down to a threshold of ~ 0.2 meV. 8  This last threshold corresponds to the electron
velocity equal to the speed of sound in Si.  For lower velocities, corresponding to a
temperature of <1 K, no phonon emission is possible (see Fig. 8).   For a crystal temperature
above 1 K, a balance is reached between phonon emission and absorption.  A typical primary
electron track in Si for a 60 keV event is shown in the inset to Fig 4, and has an average path
length of ~ 35 µm.  Along the track, the secondary electrons have an average energy below
100 eV and ranges below 10 nm.  As each particle in the cascade slows to several eV first
optical phonons  and  finally acoustic  phonons become  the dominant energy  loss
mechanism as the electrons and holes relax to the bottom of the conduction band and top of

Fig. 4. Stopping power for electrons in Si from electron-electron and electron-
phonon interactions.  Inset shows typical 60 keV  electron track.
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Electrons and holes emitting phonons

• conserve momentum
and energy
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Probability distributions 

• theta angle between incident electron and emitted 
phonon and phi angle between incident and 
scattered electron
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Mean field calculations
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Matt Pyle MC for Luke phonons

• Used isotropic approximation to propagate 
electrons and holes and input into stochastic 
model that follows them as they move and are 
heated in the electric field.
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Data different for electrons and holes

• clear evidence that electrons travel obliquely 
versus holes that travel more isotropically
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Indirect gap semiconductors

• Conduction electrons in valleys along [111] for Ge 
and have very anisotropic effective masses

• holes have minimum energy at center of zone so 
behave more isotropically
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Model valley energy

• Elliptical potential wells given by

where for Ge

nearly a factor of 20 !
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Oblique propagation necessary

• Electric field along [100]

so that change in momentum
is along [100] since

• However, change in velocity
is nearly along perpendicular to [111] since
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Electrons and Holes in germanium
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Oblique propagation simulation
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Qualitatively similar features
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Summary
• Detector Monte Carlo follows electrons and holes 

through lattice and use simple valley model for 
oblique propagation and phonon emission. (see also A. 
Broniatowski - http://hal.in2p3.fr/in2p3-00674793)

• Recompute electron scattering kinematics for 
elliptical valley model.

• For electric field greater than about 5 V/cm, inter-
valley transitions become important making oblique 
propagation less pronounced, since the sum of all four 
valleys is again isotropic.

• Possible that directionality of primary imprinted in 
distribution of electrons in four valleys.

18
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Coherent Neutrino-Nucleus Elastic Scattering
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coherent ν-N scattering

• Not yet measured!

• Simple elastic scattering of neutrinos on nuclei:

Z0

�

N

�

N recoil

• Same signal as dark matter

Coherent(Neutrino,Nucleus(Elas%c(Sca:ering((

3(

•  Standard Model Process 
•  Independent of flavor 
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CNS - Recoil Energy Scale
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CNS:(Recoil(Energy(Scales(
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A. Anderson 

•  Never(Been(Measured!(

•  MN(>>(Eν((&(4(momentum(conserva%on(dictates:(
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CNS - Reactor Trigger Thresholds
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CNS:(Reactor(Trigger(Thresholds(

5(

•  Reactor(Experiment(Trigger(Threshold(Requirements(

•  Si:(130eVnr(

•  Ge:(40eVnr(
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Measure Single Electron-Hole pairs
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Ultralight(DM:Measuring(Single(e,/h+(

•  (Luke,Neganov(Gain(

•  Field(Emission(

•  Eb(<(25V/cm(
•  Vb(<(75V(for(1”((best$measurement)$

•  Requirement:$Etrigger$~$50eV$
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Athermal Phonon Detection Principles
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Athermal(Phonon(Detec%on(Principles(
•  Become(insensi%ve(to(Cabsorber(by(

collec%on(and((concentra%on(of(
Phonons(

•  More(Complex(

•  Collec%on(efficiencies((ε)(

–  Theore%cal(Max:(~40%(
–  Best(Measured:(20±4%(

–  CDMS(II:(1,4%(
–  SuperCDMS(<ε>:(~12±3%(

–  Ac%ve(Research(Area(for(
Stanford(SuperCDMS(

•  Not(New(,>(CDMS(technology(
(10+(yrs)(

15(

VW/Vabsb~109 
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Quasiparticle Loss Measurement

• Test Structures

1.75 keV x-rays
absorbed in Al

1.75 keV x-rays
absorbed in W

small gap means~90%
 Al-W transmission

equal max energy in W & Al means ~90% 
efficiency of energy transfer from 
Al quasiparticles to W electrons

bad news curvature means short
absorption length ~180 µm

for Al quasiparticle loss

W TES Al Absorber

W/Al Trap

Bond Pad

350 µm

250 µm

γ
150 nm

30 nm
Si Substrate
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Further Optimization of Al Fins
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Further(Op%miza%on:(Al(Fin(Geometry(

25(

•  QP(trapping(in(Al(
antenna(
– Ldiff(~(180um(

•  Op%mally(use(
area(near(TES(
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We calculate 
transition width 
from power curve 
using

PJ = Σ Te
5 − Tph

5( )

also remember that the “Luke effect” phonons from 
electrons and holes drifting in an electric field are ballistic 
for low bias voltages and may also aid in the discrimina- 
tion of nuclear recoils versus electron recoils [ 14,161. 

After LTDS. the Stanford group was able to operate high 
impedance W TESS with a TC - 80 mK and a transition 
width of -1 mK. At this lower temperature, the thermal 
conduction between the film and the substrate is dominated 
by the electron-phonon decoupling so that TV,, grows to 
-300 ps and these films can be biased at the steepest point 
of their resistive transition. The electronics limited rise 
time is then -15 ps for a sensor bias resistance of -I MCI. 
Although these devices were too slow to sense the prompt 
phonon component of the signal in 1 mm thick Si crystals, 
the sensitivity had increased to the point where “Fe events 
could be detected throughout a $g Si crystal. However, 
even for two sensors 5 mm apart center to center, varia- 
tions in TC made it difficult to bias the crystal temperature 
so that both sensors were simultaneously at their most 
sensitive point. In addition. the high impedance readout 
proved very microphonic and the crystal temperature bias 
required high stability. As we shall see below, these 
problems and others are solved by going to a low-impe- 
dance voltage-biased SQUID-based readout. 

5. Superconducting transition thermometers with 
SQUID readout 

At LTDS, the Munich group introduced their use of a 
low impedance SQUID amplifier to readout a Ir/Au 
proximity bilayer and a W film for superconducting 

/Munich\ 

0.1 1 10 100 

R W &hunt 

Fig. 2. Different sensor bias schemes using parallel shunt resistor 
and SQUID readout. 

transition thermometers [ 171. Since that time, they have 
demonstrated a FWHM resolution of 99 eV at I .5 keV for a 
31 g sapphire crystal using a tungsten film with a TC near 
the bulk value of I5 mK [ 181. This pioneering work on the 
use of low impedance SQUID amplifiers to read out 
superconducting transition thermometers demonstrated the 
reduced sensitivity to the microphonics problems seen with 
high impedance devices and the simplicity of the design 
using a single pad of W connected in a parallel resistor 
bias mode (see Fig. 2). In addition, at low temperatures the 
sensitivity to the athermal phonons was enhanced and the 
coupling to the thermal phonons suppressed. In these 
detectors. the phonons from an event scatter off of the 
crystal surfaces many times until they are absorbed by the 
relatively small area coverage of the sensor. The position 
sensitivity is reduced allowing a single read out channel 
with high spectral resolution. 

6. Hot electron microcalorimeters with SQUID 
readout 

Also at LTDS, the NIST group and the Grenoble group 
introduced the idea of using an SIN tunnel junction as a 
thermometer to sense the temperature rise of a normal pad 
that forms one electrode of the junction [ 191. The NIST 
group calculated an impressive theoretical resolution of a 
few eV for an X-ray detector. Since that time, they have 
demonstrated a FWHM resolution of 22 eV with a pulser 
width of 17 eV using a Au absorber connected electrically 
to the Ag SIN normal electrode [20]. This resolution has 
exceeded the best results of the SIS tunnel junction 
detectors for comparable absorber mass at 6 keV, and is 
aided by an ultra-thin (-1 km) Si,N, substrate under the 
absorber that greatly reduces phonon losses. In addition. 
the SIN junction does not require the application of a 
magnetic field [3]. The electronics readout circuit is based 
on a low impedance SQUID amplifier readout scheme 
which uses high-bandwidth (-1 MHz) and low input 
inductance (-0.25 ~_LH) SQUID amplifiers. These were also 
developed at NIST [21] and utilize a series array of about 
200 SQUIDS to match the output impedance to that of 
simple and inexpensive room temperature electronics. 
These amplifiers are being optimized for particle detector 
applications through a collaboration of NIST, HYPRES 
and Stanford, and will soon be more readily available 
commercially. 

Over the past six months, NIST has implemented the 
superconducting transition thermometery with negative 
electrothermal feedback, developed at Stanford (see next 
section) for a high resolution X-ray microcalorimeter. It is 
a similar design to that of the SIN device, and already the 
early results reported at LTD6 have surpassed the impres- 
sive performance of the SIN devices [22] in terms of the 
energy resolution per absorber mass. 
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Transition Temperature Gradient Problem 

• Voltage biased TES sensors where invented to solve the Tc 
gradient problem for large area sensors
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there did not exist a 
bias temperature for 
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high sensitivity.
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• Electrothermal Feedback
– Voltage bias intrinsically stable

– Fast response

– High Sensitivity

Thermal Model

CelW

CphW

CphSi

TelW

TphW

TphSi

PJ

Gep

GWSi

GSiCu
Cu

Time
photon

electron-phonon
interaction limits
conductance at 
low temperatureC dT

dt
=

VB
2

R
− Σ Te

n − Tph
n( ),   n = 5

τetf =
τ0

1 + α n
,  τ0 =

C
g

,   g = nΣTe
n-1

ΔEFWHM = 2.355 4kB Te
2 C n

2 α = 2.355 4kB Te PJ τetf
n
2

For Esat ~ CTe α = PJ τetf( ) = 10 keV then ΔEFWHM = 1.1 eV
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Optimistic Resolution Estimates

29

Very(Op%mis%c(Resolu%on(Es%mates(

•  Low(Tc(es%mates(
significantly(
effected(by(α(Tc)(
&(β(Tc)(

•  Baseline(
Resolu%on(

•  Posi%on(
Systema%cs(?(
–  SuperCDMS(3%(

26(
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Summary

• Oblique propagation of electrons in Ge
– need to understand for correct model of performance

– may provide some directionality information in future

• Interesting science applications at low energy
– neutrino-nucleus coherent scattering

– searches of sterile neutrinos
– limits on neutrino magnetic dipole moment

– ultra-light dark matter candidates (~MeV)

• Sub - 100 eV thresholds seem technically possible
– Tc3 scaling for athermal phonon detectors shown

– Optimize detector design to maximize phonon collection

30


